Photochemical reactions of fluoro-vs. nonfluoro-substituted polymethylenoxy chain linked phthalimide were carried out to explore how electronegative fluorine atoms inside the donor chain influence photocyclization reaction efficiencies and to briefly determine the alkali metal binding properties of the photoproducts. The results of this study show that the fluorine-substituted donor chain linked phthalimide undergoes inefficient photocyclization via single electron transfer (SET)-induced excited state pathways to generate 14-membered cyclic amidol compared to nonfluoro-analog due to low electron donor ability of the terminal oxygen donor site. These results show that photoinduced intramolecular SET processes arising from α-silyl ether electron donors to phthalimides are largely dependent on the kinds of substituents inside donor chain. Finally, a preliminary study with the cyclic amidols generated in this effort showed that they have weak alkali metal cation binding properties regardless of absence/presence of fluoro-substituents.
Introduction
Silicon-containing organic compounds serve as key substrates in numerous, synthetically useful chemical reactions.
1,2
In particular, α-trialkylsilyl substituted electron donors have several important features that make them highly useful in the design of single electron transfer (SET) promoted electrochemical 3,4 and photochemical reactions. 2, 5, 6 For instance, upon photoirradiation in the presence of electron acceptors α-trialkylsilyl substituted electron donors participate in sequential SET-desilylation processes to form carbon centered free radicals (Scheme 1).
2,5 The high, electron donor (eg., benzylsilanes, amines, ethers) and silophile (eg., alcohols, water, fluoride ion) dependent rates of desilylation of cation radical intermediates derived these donors are often larger than those of competing reactions involving, for example, back electron transfer and deprotonation. 2, 6 Consequently, photochemical reactions that are driven by sequential SETdesilylation are often highly efficient from a chemical and quantum perspective.
The results of recent studies have shown that SETpromoted photoreactions of conjugated-imides containing tethered α-trimethylsilyl substituted electron donors serve as efficient and regioselective methods for the preparation of a variety of interesting N-heterocyclic products, including macrocyclic crown ether analogs. 2a,2d,7,8 In addition, investigations aimed at gaining information about the factors influencing the efficiencies of these SET-promoted photoreactions have shown that the nature and length of the chain type connecting the donor and acceptor moieties are important in governing the efficiencies of these photocyclization reactions. 2a,2d,5c,6a-b Specifically, the results suggest that the presence of electron donor sites in the chain linking terminal α-trimethylsilyl electron donors and the excited states of phthalimide electron acceptors enhance the efficiencies of sequential intramolecular SET-desilylation processes that produce biradical precursors of the cyclization products. Representative examples of this phenomenon are found in the photochemistry of the bis-silyl ether tethered phthalimides 1 and 2 5c,8b (Scheme 2) where a high degree of regioselectivity is seen in excited processes that result in exclusive formation of the macrocyclic polyethylenoxy ethers (3 and
Scheme 1
Photocyclization Reactions of Fluoro-Substituted Polymethyleneoxy Phthalimides Bull. Korean Chem. Soc. 2013 , Vol. 34, No. 4 1109 4+5) rather than those that generate the corresponding polymethylene ring systems. The plausible explanations we have offered for these and related observations focus on the rates/efficiencies of intramolecular electron transfer from terminal α-silylether donors to the excited states of the tethered phthalimide acceptors. Specifically, we suggested that oxygens in the polyethylenoxy tethers linking the silylsubstituted donor sites and excited states phthalimides enhance intramolecular electron transfer rates perhaps by offering a more efficient pathway, which involves formation of neighboring oxygen centered cation radicals that shuttle the positive odd electron center (hole) to the end of the polethylenoxy chain, to produce zwitterionic 1,ω-biradicals that undergo rapid desilylation to form 1,ω-biradical precursors of the cyclization products. This reasoning can be applied to the cases of competitive photochemical reactions of bis-silylether tethered phthalimides like 1 and 2, in which the oxidation potentials of the two terminal α-silyl ether donors should be equivalent and the chain lengths in each are near equal. In photocyclization reactions of these substrates, the presence of oxygen electron donor sites in the chain must play a key role in determining the high levels of regioselectivity arising from exclusive production of 1,ω-biradicals and, therefore, macrocyclic ether products.
This unique feature governing both the efficiencies and regioselectivities of SET-promoted photomacrocyclization reactions of polydonor linked phthalimides led us to consider how the efficiencies of SET-induced photocyclization reactions would be influenced by other types of substituents in the chain connecting α-trimethylsilyl ether terminated electron donor and phthalimide moieties. The target of our initial interest was to determine if the efficiencies of intrachain SET and, consequently, photocyclization reactions of these systems would be effected by including substituents in the chain that alter oxidation potentials of the oxygen donor sites. In the current investigation, we probed SET-promoted photocyclization reactions of phthalimides 8 and 9, which contain fluoro-and non-fluoro-substitiuted, oxygen containing donor chains. In addition, the binding properties of the resulting crown ether analogs with alkali metal ions were briefly examined.
Results and Discussion
Synthesis of Silyloxy Tethered Phthalimides 8 and 9. The respective phthalimido-polyethers 8 and 9 required for this study were prepared by using an N-alkylation reaction of potassium phthalimide with alkyl iodide 15 (Scheme 3) or O-alkylation of fluoro-substituted, trimethylsilyl terminated alcohol 16 with phthalimide tosylate 17 9 (Scheme 4). Synthesis of phthalimide 8 began with the chemical manipulation of commercially available butan-1,4-diol to prepare trimethylsilyl containing iodide derivative 15, which served as a precursor of phthalimido-polyether 8. The fluoro-tethered ether alcohol 16 and tosylate 17 were subjected to S N 2 Scheme 2 reaction to produce the fluoro-substituted polymethyleneoxy phthalimide 9.
Photoreactions of Silyloxy Donor Tethered Phthalimides 8 and 9. Photoirradiation of N 2 -purged MeOH solutions of phthalimides 8 and 9 with Pyrex glass filtered UV-light (> 290 nm) were conducted for time periods leading to over 90% conversion of the starting materials. The structure of the major purified photoproducts (yields in Table 1 ) arising from these photoreactions were assigned to be cyclic amidol 18-19 (Scheme 5) based on a comparison of their spectroscopic properties with those of analogous substances characterized in our earlier studies derived. [4] [5] [6] 10, 11 As can be seen by viewing the results, the silylether terminated phthalimide 9, possessing electron withdrawing fluoro-substituents in the tether, undergoes a less chemically efficient SET-promoted photocyclization reaction than does the non-fluorine substituted analog 8. In addition, the quantum yield of the macrocyclization reaction of 9 (Φ = 0.01) was determined to be three fold lower than that of 8 (Φ = 0.03). Because fluorine substitution is not expected to have an effect on the rates of desilylation of the terminal α-silyl ether cation radicals in zwitterionic biradicals 22a (R = H) and 22b (R = F) (Scheme 5) generated by intramolecular SET in these substances, the differences in the efficiencies of the processes is likely a consequence of the higher rate of SET from the α-silyl ether donor site to the phthalimide excited state in 8 that leads to final formation of 22a. Thus, it is likely that the highly electronegative nature of fluorine, which governs the oxidation potentials (i.e., single electron donating ability) of the central ether oxygen in the chain connecting the acceptor-donor centers in 9 influences the rate of intramolecular SET by slowing intrachain SET (intra-SET) to generate 21b and 22b from 20b.
Information that is relevant to the above proposal has come from the results of density function theory calculations (B3LYP hybrid exchange correlation function and 6-31G(d) basis set of Spartan'04). Inspection of the HOMOs and LUMOs of energy minimized structures ( Figure 1) shows that relative magnitudes of the HOMO coefficients in 8 are greater at the terminal α-silylether electron donor site and, as expected, that the LUMO coefficients are greater in the phthalimide moiety. In contrast however, highest HOMO coefficients in 9 are located around the oxygen in 9 that is more remote from the fluoro substituents. If the frontier orbital coefficients are relevant to oxidation potentials, the calculation results suggest that intrachain SET, transforming the initially formed zwitterionic biradical 20a, 20b (Scheme 4) to the key 1,ω-zwitterionic biradical 22a, 22b should be inefficient.
Preliminary Metal Cation Binding Studies by Using Cyclic Amidols 18 and 19. The alkali metal cation (Na
+ and Cs + ) binding properties of the cyclic amidols 18 and 19 were determined by using the well-known extraction method, 12, 13 in which UV-visible absorption measurements were made on the organic layers of biphasic mixtures containing alkali metal picrates (5.0 × 10 −5 M) and amidols 18-19 (1.5 × 10 −4 M) in water and methylene chloride. The absorbances give the percentages of the metal picrates (extraction constants) that are tightly bound to the methylene chloride soluble amidols. In addition, amidol concentration dependencies of the extraction constants showed that 1:1 complexes are formed between the metal cations and both amidols. The data obtained in this manner, along with those for 18-crown-6 as a model are displayed in Table 2 . The results show that compared to 18-crown-6 ether, and contrary to expectation, cyclic amidols 18 and 19 display very weak metal binding properties. This is an especially surprising result for 19, which contains fluorine atoms.
14,15
Takemura and coworkers 14a reported that covalently bonded fluorine atom can act as a hard donor center for metal cations. And these interactions are available either in the crystalline state or in solution.
The low binding affinities of 18 and 19 toward metal cations can be a consequence of either (1) relatively small cavity sizes, (2) lower levels of metal-oxygen binding interactions, and/or (3) ring rigidity that limits participation of fluorine atoms in binding. Density function theory (DFT) calculated models, shown in Figure 2 , provide possible binding modes of the amidols 18 and 19 toward the metal cation, especially Na + and Cs + . As can be seen by viewing these models, the structurally rigid nature of the amidol rings prevents all of fluorine atoms from participating in binding The data for 18-crown-6 is reported in ref. 12-13. c The data for 18-crown-6 is determined by this study.
with the metal cations. Specifically, only one fluorine and one oxygen atom in the ring take part in binding interactions. A more thorough investigation is needed in order to gain a more detailed understanding of the factors that govern metal cation binding properties of these and related amidols.
Conclusion
Photochemical reactions α-silylether terminated phthalimides, containing of fluoro-vs. nonfluoro-substituted polyether chain linkers, were explored to evaluate how electronegative fluorine atoms in the donor chain influence photomcrocyclization reaction efficiencies. The results of this study show that the phthalimide with the fluoro-substituted donor chain undergoes photocyclization less efficiently through a SET-induced excited state pathway. It is likely that this result is a consequence of a fluorine effect on the oxidation potential/electron donating ability of the central oxygen in the chain that would otherwise facilitate intrachain SET. As a result, formation of the 1,ω-zwitterionic biradical, which undergoes desilylation to form the 1,ω-biradical precursor of the macrocyclic product, is less efficient. Thus, the observations suggest that photoinduced intramolecular SET from α-silyl ether electron donor site to electronic excited states of phthalimide is highly dependent on kinds of substituents in the linking chain. Finally, the preliminary results of metal binding study of cyclic amidols show that no significant enhancement of metal binding takes place regardless of absence or presence of fluoro substituents on the ring.
Experimental
General Procedure. C-NMR) as an internal standard. Preparative photochemical reactions were conducted with an apparatus consisting of a 450 W Hanovia medium vapor pressure mercury lamp surrounded by a Pyrex glass filter in a water-cooled quartz immersion well surrounded by the solution being irradiated. The photolysis solutions were purged with nitrogen before and during irradiations. The photolysates were concentrated under reduced pressure giving residues, which were subjected to silica gel column chromatography. High resolution (HRMS) mass spectra were obtained by use of electron impact ionization unless otherwise noted. All starting materials used in the syntheses were derived from commercial sources. All new compounds described were isolated as oils in > 90% purity (by NMR analysis) unless noted otherwise.
Nonfluoro-Polymethyleneoxy Donor Linked Phthalimide 8.
Preparation of Trimethylsilylmethoxybutanol 10. A solution of 1,4-butanediol (25.2 g, 279.6 mmol) containing Na (1.1 g, 47.8 mmol) was stirred at 60 o C for 12 h. Trimethylsilylmethyl iodide (10 g, 46.7 mmol) was added dropwise and the resulting solution was stirred for 40 h at 80 o C. The resulting mixture was diluted with pentane and extracted with water. The extracts were dried, filtered and concentrated in vacuo to afford a residue which was subjected to silica gel column chromatography (EtOAc:n-hexane = 1:10) to yield 10 (7.9 g, 95%). Preparation of Trimethylsilylmethoxybutyl Mesylate 11. A solution of 10 (2.7 g, 15.0 mmol) and triethylamine (4.2 mL, 30.0 mmol) in methylene chloride (20 mL) was added methanesulfonyl chloride (2.3 mL, 30.0 mmol) dropwise for 0.5 h at 0 o C. The resulting solution was stirred for 12 h at ambient temperature. The resulting solution was washed with water, dried with Na 2 SO 4 , filtered and concentrated in vacuo to afford a residue which was subjected to silica gel column chromatography (CH 2 Cl 2 :n-hexane = 2:1) to yield 11 (3.1 g, 82%).
11:
1 H-NMR (CDCl3) δ 0.04 (s, 9H), 1.61-1.70 (m, 2H), 1.78-1.85 (m, 2H), 3.00 (s, 3H), 3.08 (s, 2H), 3.42 (t, 2H, J = 6.0 Hz), 4.26 (t, 2H, J = 6.6 Hz); Preparation of Trimethylsilylmethoxybutyl Iodide 12. To a solution of sodium iodide (18.3 g, 121.8 mmol) in acetone (65 mL) was added 11 (3.1 g, 12.2 mmol) and resulting solution was stirred for 12 h at 110 o C. Concentration of solution in vacuo gave a residue which was diluted with methylene chloride and extracted with water. The extracts were dried with Na 2 SO 4 , filtered and concentrated in vacuo to afford 12 (2.8 g, 79%).
12: Preparation of 2-[(ω-Trimethylsilylmethoxy)butyloxy] ethoxyethanol 13. A solution of diethylene glycol (5.9 g, 55.6 mmol) containing Na (0.2 g, 10.4 mmol) was stirred at 60 o C for 12 h. Iodide 12 (2 g, 7.0 mmol) was added dropwise and the resulting solution was stirred for 3 days at 100 o C. The resulting mixture was diluted with CH 2 Cl 2 and extracted with water. The extracts were dried with Na 2 SO 4 , filtered and concentrated in vacuo to afford a residue which was subjected to silica gel column chromatography (CH 2 Cl 2 : n-hexane = 2:1) to yield 13 (1.2 g, 66%).
13: Preparation of 2-[(ω-Trimethylsilylmethoxy)butyloxy] ethoxyethyl Mesylate 14. To a solution of 13 (1.1 g, 4.2 mmol) and triethylamine (1.2 mL, 8.9 mmol) in methylene chloride 10 mL was added methanesulfonyl chloride (0.7 mL, 8.9 mmol) dropwise for 30 min at 0 o C. The resulting solution was stirred for 45 h at ambient temperature. The resulting solution was washed with water, dried with Na 2 SO 4 , filtered and concentrated in vacuo to afford a residue which was subjected to silica gel column chromatography (1:1 = Methylene chloride:n-hexane) to afford 14 (1.3 g, 91%).
14: C-NMR (CDCl 3 ) δ −3. 3, 25.8, 26.1, 37.3, 64.4, 68.7, 69.1, 69.6, 70.3, 70.9, 74.7; HRMS (FAB) m/z 343.1609 (M+H, C 13 H 31 O 6 SSi requires 343.1611).
Preparation of 2-[(ω-Trimethylsilylmethoxy)butyloxy] ethoxyethyl iodide 15. To a solution of sodium iodide (5.6 g, 37.4 mmol) in acetone (30 mL) was added 14 (1.3 g, 3.7 mmol) and resulting solution was stirred for 12 h at 110 o C. Concentration of solution in vacuo gave a residue which was diluted with methylene chloride and extracted with water. The extracts were dried with Na 2 SO 4 , filtered and concentrated in vacuo to afford a residue which was subjected to silica gel column chromatography (1:5 = EtOAc:n-hexane) to afford 15 (1.3 g, 96%).
15:
1 H-NMR (CDCl 3 ) δ 0.03 (s, 9H), 1.60-1.60 (m, 4H), 3.07 (s, 2H), 3.26 (t, 2H, J = 6.9 Hz), 3.39 (t, 2H, J = 6.0 Hz), 3.48 (t, 2H, J = 6.0 Hz), 3.57-3.67 (m, 4H), 3.76 (t, 2H, J = 6.9 Hz); 13 C-NMR (CDCl 3 ) δ −3. 1, 2.7, 26.0, 26.3, 64.5, 69.9, 70.1, 71.2, 71.9, 74.9; HRMS (FAB) Preparation of N-[5-(Trimethylsilylmethoxy)butyloxy-3-oxapentyl]phthalimide 8. Solution of 15 (1.0 g, 2.7 mmol) and potassium phthalimide (0.7 g, 4.0 mmol) in 30 mL DMF was stirred for 12 h at 100 o C. The resulting mixture was diluted with ethyl acetate and extracted with water. The extracts were dried with Na 2 SO 4 , filtered and concentrated in vacuo to afford a residue which was subjected to silica gel column chromatography (1:3 = EtOAc:nhexane) to afford 8 (0.9 g, 86%).
8:
1 H-NMR (CDCl 3 ) δ 0.02 (s, 9H), 1.54-1.56 (m 4H), 3.06 (s, 2H), 3.36 (t, 2H, J = 6.0 Hz), 3.41 (t, 2H, J = 6.6 Hz), 3.51-3.54 (m, 2H), 3.62-3.65 (m, 2H) , 3.74 (t, 2H, J = 6.0 Hz), 3.90 (t, 2H, J = 6.0 Hz), 7.71 (q, 2H, J = 3.0 Hz), 7.84 (q, 2H, J = 3.0 Hz); 13 C-NMR (CDCl 3 ) δ −3.2, 25. 9, 26.1, 37.0, 64.4, 67.6, 69.8, 69.9, 71.0, 74.8, 123.0, 131.9, 133.7, 167.9; HRMS (FAB) Fluorosubstituted-Polymethyleneoxy Donor Linked Phthalimide.
Preparation of 2,2,3,3-Tetrafluoro-4-((trimethylsilyl) methoxy)butanol 16. A mixture of 2,2,3,3-tetrafluoro-1,4-butanediol (1.95 g, 12 mmol), (iodomethyl)trimethylsilane (2.06 g, 9.2 mmol) and anhydrous K 2 CO 3 (5 g, 14.5 mmol) in dry acetone (50 mL) was refluxed for 18 h. The reaction mixture was allowed to cool gradually to ambient temperature. Concentration of solution in vacuo gave a residue which was diluted with diethyl ether and extracted with water. The extracts were dried with Na 2 SO 4 , filtered and concentrated in vacuo to afford a residue which was subjected to silica gel column chromatography (1:20 = EtOAc: n-hexane) to afford 16 (1.6 g, 83%).
16: 9 (1.6 g, 4.1 mmol) in anhydrous DMF (10 mL) was added dropwise and resulting solution was stirred for 4 days at ambient temperature. The resulting mixture was diluted with ethyl acetate and extracted with water. The extracts were dried with Na 2 SO 4 , filtered and concentrated in vacuo to afford a residue which was subjected to silica gel column chromatography (1:3 = EtOAc:n-hexane) to afford 9 (0.9 g, 45%).
9:
1 H-NMR (CDCl 3 ) δ 0.03 (s, 9H), 3.25 (s, 2H), 3.64-3.91 (m, 12H), 7.70 (q, 2H, J = 2.7 Hz), 7.83 (q, 2H, J = 2.8 Hz); Photocyclization Reaction of 8, Giving Cyclic Amidol 18. Solution of 8 (250 mg, 0.6 mmol) in 240 mL methanol was irradiated by using Pyrex glass filtered light for 25 min. The photolysate was concentrated in vacuo to give a residue which was subjected to silica gel column chromatography (1:1 = EtOAc:n-hexane) to afford 18 (0.16 g, 80%).
18:
1 H-NMR (CDCl 3 ) δ 1.67-1.77 (m, 4H), 3.40-3.79 (m, 12H), 4.11 (d, 1H , J = 9.9 Hz), 4.25(dd, 1H, J = 14.7 Hz, J = 3.3 Hz), 5.79(s, 1H), 7.41 (t, 1H, J = 7.5 Hz), 7.50 (t, 1H, J = 7.2 Hz), 7.67(q, 2H, J = 7.5 Hz); 13 C-NMR (CDCl 3 ) δ 25. 0, 26.6, 39.6, 69.6, 70.2, 70.6, 70.8, 71.2, 73.7, 88.7, 122.9, 123.1, 129.1, 130.5, 132.0, 146.4, 167.6 ; HRMS (FAB) m/z 304.1552 (M-H 2 O+H, C 17 H 22 NO 4 requires 304.1549).
Photocyclization Reaction of 9, Giving Cyclic Amidol 19. Solution of 9 (300 mg, 0.6 mmol) in 240 mL methanol was irradiated by using Pyrex glass filtered light for 1 h. The photolysate was concentrated in vacuo to give a residue which was subjected to silica gel column chromatography (3:2 = EtOAc:n-hexane) to afford 19.
19:
1 H-NMR (CDCl 3 ) δ 3.35-3.48 (m, 1H), 3.54-3.78 (m, 7H), 3.88-3.99 (m, 5H), 4.11-4.14 (d, 1H, J = 10.8 Hz), 7.19-7.33 (m, 1H), 7.41 (t, 1H, J = 6.9 Hz), 7.54 (q, 2H, J = 7.5 Hz);
13
C-NMR (CDCl 3 ) δ −3. 3, 39.4, 65.8, 67.6, 69.7, 70.2, 71.6, 89.4, 122.2, 123.2, 129.8, 131.6, 132.4, 145.2, 168 Photoreaction Quantum Yield Measurements. The actinometer used for measurements of the quantum yields for disappearance of the phthalimide substrates 8 and 9 are the trimethylsilyl-substituted N-methanesulfonamide (Φ = 0.12).
5c Solutions (ca. 6 × 10 −4 M, 10 mL) of the substrates and actinometer in MeOH, whose concentrations were adjusted to bring about equal absorbances at 287-293 nm, were simultaneously irradiated using Rayonet photoreactor with 3000 Å light in a merry-go-round apparatus. Aliquots of the photolysates were removed periodically over a 2-20 min interval, and their absorbances at 293 nm were determined. The disappearance quantum yields (averages of three independent measurements) were determined by comparing the percent disappearance of the substrate to that of the actinometer for photoreactions run at low conversion (< 30%).
